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A unique burner consisting of a pressure swirl atomizer, a converging splitter nozzle, a 
converging outer shroud, and inner and outer swirlers was developed for low NOx 
emissions at elevated air temperatures. Kerosene was atomized into the air flow from the 
inner swirler and resulting mixture was injected into combustion chamber from the splitter 
nozzle which is surrounded by the annular swirling air jet from the outer shroud nozzle. 
Emissions measurements, direct flame imaging were conducted. The effects of inlet air 
temperature, inner swirler vane angles, the existence of the splitter nozzle and inlet air 
pressure on NOx levels are discussed based on the changes of flame structure with the 
design and experimental parameters. The NOx levels are well correlated with flame 
structure. Emission Index for NOx well less than 0.5 g/kg-fuel and combustion efficiency 
greater than 99.9% were simultaneously achieved at adiabatic flame temperatures lower 
than 1700 K at atmospheric pressure and 1500 K at an inlet air pressure of 1.7 atm. 
Key Words :  Lean Direct Injection(LDI), Liquid fuel, Low-NOx emissions, Swirl vane angle,  
Flame structure, Local gas sampling, Dual swirl burner, Atomization characteristic, Splitter nozzle  
 
 
１． INTRODUCTION 
The pollutant emissions from stationary gas turbines have 
been regulated and especially the stringency of NOx emissions 
regulation has been increasing.  Most large gas turbines for 
power generation use natural gas. Therefore, lean premixed 
combustion has been widely used for their combustors to 
reduce NOx emissions to meet the regulations and now NOx 
emissions levels less than 5 ppm (15% O2) are achievable 
without de-NOx system 1. The NOx emissions from aero 
engines are also regulated by ICAO and the regulation has 
become increasingly stringent 2. It is generally accepted that 
lean premixed and pre-vaporized (LPP) combustion should 
provide the lowest possible emissions levels. However, some 
issues such as auto-ignition, flash back in the mixture 
preparation make it difficult to use LPP combustion in the 
combustors of high-pressure ratio aero engines. Narrow range 
of operation for simultaneous achievement of low NOx and 
CO emissions and combustion instabilities at high power 
conditions are common technical issues specific to lean 
premixed combustion whether fuel is liquid or gas.  Recently, 
high-bypass ratio turbo fan engines equipped with lean 
premixed combustor have become commercial 3.  The main 
fuel is injected into strong swirling combustion air to prepare 
partially vaporized and premixed fuel-air mixtures and the lean 
flame is stabilized by the pilot flame. Partially premixed 
combustion (PPC) or lean direct injection (LDI) appears to 
have potential for emissions reductions. In the early stage, a 
radial inflow swirler for radially injected gaseous fuel jets 4 and 
axial air jets for radially injected coaxial fuel-air jets 5 were 
used by Andrews et al for intense fuel air mixing for their LDI 
combustor. Hayashi et al 6, 7, 8, 9 demonstrated low NOx 
potential of the dual swirl burner consisting of a short 
converging nozzle with a flare equipped with a set of axial 
swirl vanes at the inlet and an outer converging conical shroud 
with another set of axial swirl vanes at the exit. A multi orifice 
fuel injector and a pressure swirl atomizer were used to inject 
methane 6, 7 and kerosene 8, 9 only into the air flow in the 
venturi nozzle, respectively. Their results, though obtained at 
atmospheric pressure, have shown that partially premixed or 
LDI combustor with liquid fuels can approach LPP 
performance for NOx emissions. Later testing of LDI burners 
at higher pressure and temperature conditions revealed that 
low-NOx capability degraded rapidly when the preheated air 
temperature was raised to 900 K 10.  
In our present research, a new PPC burner similar to our 
previous dual swirl burner was designed so that in-combustion 
chamber pre-vaporization and mixing can be more available 
than the previous model. NOx emissions were evaluated to 
study the effects of air preheat, inner swirler vane angle. Direct 
flame images were successfully used to correlate the NOx 
emissions with the flame structure. 
 
２． EXPERIMENT 
２.１ ATOMOSPHERIC PRESSURE STUDY 
２.１.１ BURNER 
Figure 1 shows a schematic drawing of the two burners, 
Type-A and -B, used for the present study. Major dimensions 
including the diameter of the exit of the splitter nozzle and the 
diameter and length of the outer shroud nozzle are given in the 
figure. 
 
 
 
 
 
 
 
 
 
                           
 
Type-A burner was comprised of a pressure swirl atomizer, 
a converging outer shroud, a converging splitter nozzle and 
dual axial vane swirlers.  Preheated air entered into the 
pre-chamber from the 10 holes on the wall of the burner 
passed through the axial inner and outer swirlers. 
Subsequently, the swirling outer air, which accounted for two 
thirds of all airflow, passed through the conversing pass 
between the splitter and the outer shroud. On the other hand, 
fuel was only injected within the inner airstream through the 
atomizer located at a distance of 4 mm downstream from the 
inner swirler. The exit of the splitter nozzle was located at 2 
mm upstream of the burner exit.   
The vane angle of the outer swirlers was 45 degrees while 
that of the inner swirler was either 40, 45 or 50 degrees. The 
flow rate of air in the splitter nozzle was one third of the total 
air flow. The inner and outer swirlers have 12 and 24 helical 
vanes, respectively. The designed effective area of the burner 
for 40, 45 and 50 degrees vane swirlers are 387, 352 and 313 
mm2, respectively with the designed effective area of the outer 
swirler of 613 mm2. The outer shroud nozzle and splitter 
nozzle were conversing along combustor centerline in order to 
accelerate the inner fuel-air mixture and outer air toward the 
exit of the burner. One of the roles of the splitter nozzle is to 
concentrate fuel in the center region at the exit of the burner at 
lower inlet temperatures for extending the blow-off limit to 
leaner side. Another is to promote mixing of center fuel 
vapor-air mixture jet with surrounding outer air jet at higher 
inlet air temperatures where fuel is substantially vaporized.  
  Most of the components of Type-B burner are the same as 
those of Type-A burner except for the splitter nozzle. 
Pressurized fuel flows into the conical swirl chamber through 
the three tangential slots of the swirl generator to produce a 
swirling motion of the fuel flow there.  The orifice of the 
nozzle was 0.34 mm in diameter. The flow rate-pressure curve 
measured for kerosene at room temperature is shown in Fig. 2. 
For droplet size distributions of fuel sprays, fuel was injected 
vertically downwards from the atomizer. The laser beam of a 
laser diffraction particle size instrument, LDSA-SPR1500A 
(Microtrac Inc.), was passed along a diameter of the hollow 
cone spray 30 mm below the orifice of the atomizer. Sauter 
mean diameter, SMD, and diameters for 10%, 50% and 90% 
of the total volume in cumulative droplet size distributions of 
sprays are plotted against injection pressure P f in Fig. 2.  The 
values of SMD are well correlated with Pf by SMD = 18.6 Pf
 
-0.46 for Pf
  ranging from 0.4 to 1.5 MPa while the equation 
under-estimates the value of SMD by about 5% at Pf lower 
than 0.4 MPa. The distribution width defined by (D90 - D10) 
/D50 is 1.4 and 1.7 at Pf =0.5 and 1.5 MPa, respectively.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) Type-A burner (b) Type-B burner 
Figure 2. Atomization and flow  
characteristics of pressure swirl atomizer. 
 
Figure 1. Schematic drawing of burners. 
 
２.１.２ COMBUSTION TEST RIG 
Figure 3 shows a schematic of the experimental setup. A 
stainless steel tube of an inner diameter of 81 mm and a length 
of 200 mm was used as the combustion chamber in the 
emissions evaluation tests while a quart tube of an inner 
diameter of 89 mm and a wall thickness of 2.5 mm was for 
direct flame imaging.   
Air was preheated by an electric heater and fed to the air 
chamber through a bend pipe and its flow rate was controlled 
by a valve and measured by a mass flowmeter before entering 
the air heater. A K-type thermocouple is located in the air 
chamber to measure the temperature of air to the combustion 
chamber while another is attached to the stainless tube through 
which fuel is fed to the pressure swirl atomizer.  The fuel feed 
tube was heat-insulated with ceramic fiber cast to prevent the 
fuel from vaporizing or cocking. The measured fuel 
temperature was always lower than 400 K, which was lower 
than the initial distillation point of the kerosene used.  The 
initial and final distillation points of the kerosene used were 
420 and 570 K, respectively. 
 
２.１.３ EXPERIMENTAL PROCEDURE 
Gaseous emissions measurements and direct flame imaging 
were conducted at inlet air temperatures from 453 to 753 K by 
a 100 degrees step at atmospheric pressure. The effects of air 
preheating were investigated with overall equivalence ratio 
fixed at 0.5 in a series experiments and equivalence ratio was 
varied for each preheating level in another series of 
experiments. The theoretical gas temperatures were in a range 
from 1400 to 1900 K. Pressure drop of the combustor was set 
at 3%. The experimental conditions are summarized in Table 1. 
Fuel flow rate was measured by a Coriolis mass flow mater 
and air flow rate was measured by a thermal mass flow meter.  
 
Table 1. Test conditions for exhaust gas 
measurements. 
 
 
 
 
 
 
 
An X-shaped water-cooled multi-point probe, having 8 
suction holes of a diameter of 0.7 mm on each arm, was used 
for collecting representative samples of burned gas. The axial 
position of the probe was 200 mm downstream the exit of the 
burner. Sampled gas was fed to a gas analyzer, HORIBA 
PG-340, and the concentrations of CO, CO2, NOx, and O2 were 
measured by using the standard procedures. Measurements of 
total hydrocarbon emissions were conducted at limited 
conditions to show that the levels were negligible at higher air 
preheat. The fuel-air ratio based on gas analysis data agreed 
within 5% error with that calculated from the readings of 
calibrated air and liquid flow meters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
２ .１ .４  EFFECTS OF INLET TEMPERATURE 
AND VANES ANGLE AT A FIXED CONSTANT 
EQUIVALENCE RATIO OF 0.5 
In this series experiments emissions measurements and 
direct flame imaging were conducted for three different inner 
swirler vane angles at the four inlet air temperature settings 
while overall equivalence ratio was fixed at 0.5.  Flame 
images were captured by a digital camera at a shutter speed of 
1/40 s, a CCD sensitivity of ISO-5000 and an aperture of f/5.6. 
Figure 4(a) shows the images of flames for 40 and 50 
degree vane angles on Type-A burner at different inlet air 
temperatures and Fig. 4(b) shows those on Type-B burner. 
Flame luminosity and flame shape or structure vary with inlet 
air temperature and swirl vane angle. A comparison of all 
images for a fixed vane angle of 50 degrees shows that 
luminosity was decreasing with increasing inlet air temperature 
up to 635 K in Type-A burner. A luminous conical flame was 
stabilized just downstream of the exit of the burner at 753 K 
for 50 degrees of vane angle in both burners. The volume of 
luminous zone is bigger in Type-B burner than in Type-A 
burner, especially for 40 degree vane angle though no 
difference in the volume of luminous zone in the conical 
flames on both burners. A luminous reaction volume appeared 
downstream the blue flame zone at the highest inlet air 
temperature of 753 K. 
Figures 5(a) and 5(b) show the NOx levels and combustion 
efficiencies of Type-A and Type-B burners, respectively. 
In this paper, emissions index of NOx, (EINOx), defined
Figure 3. Schematic drawing of test 
rig and combustor. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
as the grams of NOx per kilogram of fuel rather than the 
actual concentration in parts per millions, is used to express 
NOx emissions levels. The combustion efficiency was 
calculated based on the CO and CO2 concentrations.  
It should be noted that the local equivalence ratio of the 
fuel-air mixtures in the splitter nozzle was 1.5, being triple of 
the overall equivalence ratio of 0.5 in Type-A burner since air 
split between the inner and outer passages were 1:2 and fuel 
was injected only into the air flow in the splitter nozzle.  
The representative droplet sizes of sprays at the test 
conditions can be estimated from the fuel flow rate by using 
the data shown in Fig. 2. The air flow rate for a fixed pressure 
drop is decreasing with increasing inlet air temperature in 
proportion to  and the fuel flow rate for a fixed 
equivalence ratio should proportional to . 
Generally, NOx formation in combustion depends 
significantly on adiabatic flame temperature and therefore an  
 
 
increase in inlet air temperature leads to an increase in NOx 
level for a fixed equivalence ratio.  The NOx level of Type-A 
burner is decreasing to the minimum at an inlet air 
temperature around 600 K and then increasing with inlet air 
temperature. A similar variation of NOx level with inlet air 
temperature is seen for Type-B burner with the minimum at 
around 660 K. The decreasing trend of NOx level with 
increasing inlet air temperature observed at lower inlet air 
temperatures is attributed to enhanced evaporation of fuel 
droplets in more highly preheated air.  It is suggested that 
most of the fuel droplets in the sprays are expected to be 
completely vaporized at 600 K before combustion since the 
final distillation points of the kerosene used is 570 K. 
Therefore, formation of fuel rich pockets by vaporizing fuel 
droplets is gradually diminished with increasing air preheat. 
The combustion efficiency of both burners is asymptotically 
approaching to 100% with increasing inlet air temperature. 
Figure 4. Photographs of flames showing the effect of inlet air temperature and 
 inner swirler vane angles at φ = 0.5. 
 θi = 40 deg.    θi = 40 deg.  
θi = 50 deg.    θi = 50 deg.  
(a) Type-A burner (b) Type-B burner 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The effects of vane angle on NOx level of Type-A burner 
are fairly small at inlet air temperatures lower than about 653 
K where NOx level is the minimum. The NOx levels of 
Type-B burner is the highest for 40 degree vane angle and the 
lowest for 50 degree vane angle at inlet air temperatures lower 
than about 653 K. The NOx levels of both burners are highest 
for 50 degree vane angle at 753 K: the NOx level of Type-A 
burner exceeds that of Type-B burner.  
The low NOx capability of Type-A burner with 40 degree 
vane angle at an inlet air temperature up to the final 
distillation is attributed to the fact that the flame front is 
located at a distance from the exit of the splitter nozzle. The 
lowest NOx level for this vane angle at 753 K is due to the 
lifted major reaction volume. Fuel-air mixing can proceed 
before entering the reaction volume. The highest NOx level 
for 50 degree vane angle is attributed to the formation of 
conical flame stabilized very close to the exit of the burner by 
a stronger recirculation. A very short time is allowed for fuel 
–air mixing before entering the flame 
 
２.２ ELEVATED PRESSURE STUDY 
２.２.１ EXPERIMENTAL SETUP 
Figure 6 shows a illustration of the elevated pressure 
combustor test rig prepared by a Solidworks 2013. The 
combustion chamber is made of a stainless steel cylinder of 
130 mm in length and 81 mm in inner diameter and a stainless 
cylinder of 75 mm in length and 90 mm in inner diameter, 
which are connected by using a ring equipped with an spark 
ignition plug. The fore cylinder is replaced by a transparent 
quart cylinder of 90 mm in inner diameter and 2.5 mm in 
thickness for direct flame imaging.  
Dilution air holes of 3 mm in diameter are distributed on 
the wall of the aft liner at 6-mm intervals axially and at 36 
degrees intervals circumferentially. The total opening area of  
 
the air holes is 707 mm2.  
Two quartz glass windows of 50×150 mm and 90×150 
mm are provided on the top and side of the wall of the casing 
for photographic imaging of the flames. The preheated air 
from the air heater was split for combustion and dilution in the 
casing. The air flow for dilution is about 60% of the total air 
flow. The exhaust gas from the combustor enters the extension 
cylinder and the flow is bent at 90 degrees to enter the 
adjustable choke valve for regulating the pressure inside the 
combustor casing. 
A quart window of 80 mm diameter and a thickness of 9 
mm is fitted to the rear flange of the extension cylinder for the 
observation and photographing the front view of the flames.  
The fuel injector was concentrically assembled in the 
cylindrical hole in the hub of the inner swirler with the orifice 
positioned at a distance of 4 mm from the front edge of the 
inner swirler. 
The inlet air temperature and pressure in the casing were 
monitored by using a K-type thermocouple and a pressure 
sensor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Schematic drawing of rig for 
elevated pressure combustor testing. 
(a) Type-A burner (b) Type-B burner 
Figure 5. Effects of inlet air temperature and vane angle for both burners 
at fixed constant equivalence ratio of 0.5. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
２.２.２  Emissions  
In this study, the effects of inlet air pressure on emissions 
and flame structure were investigated at inlet air pressures Pa 
of 1.7, 2.0, 2.8 atm while maintaining the air flow rate at 48 
g/s and the inlet air temperature at 753 K.  
The burner equivalence ratio was varied from 0.39 to the 
blow-off limit. Flame images were captured by a digital 
camera at a shutter speed of 1/20 s, a CCD sensitivity of 
ISO-3200 and an aperture of f/5.6. 
Gas sampling for emissions measurements was conducted 
by using a single water-cooled probe positioned downstream 
the pressure regulating valve, where exhaust gas had been well 
mixed. 
 
２.２.３  RESULTS 
Figure 7 shows photos of flames at different pressures up 
to 2.8 atm at 0.36 burner equivalence ratio and at 753 K inlet 
air temperature. They shows that the flames were lifted off at 
all air pressures. Globally the flames are similar in shape and 
the stand-off distance, defined as the distance from the burner 
exit to the base of the flame, is almost independent of pressure. 
However, though non-luminous blue dominates whole the 
volume of flame at the lowest air pressure of 1.1 atm, the 
luminosity in the regions adjacent to the flame front increases 
significantly with increasing pressure. Higher spatial 
concentration of droplets and reduced pre-vaporization of fuel 
droplets and premixing of fuel vapor with air seem to be the 
reason for the increased luminosity at higher pressures.  
Another difference is the appearance of luminous blushes of  
 
flames seen in the downstream region of the flames at 
pressures higher than 1.6 atm, which are attributed to the 
combustion of incompletely vaporized droplets of larger 
diameters hitting on the quartz combustor liner. 
An increase in air pressure actually increases the heat 
transfer coefficient between the hot environment and a fuel 
droplet on one hand but decrease the temperature difference 
between the environment and the droplet on the other hand 
since the equilibrium liquid temperature increases with 
pressure.  Under some conditions, therefore, a longer time 
may be required for a droplet to completely vaporize at higher 
inlet air temperatures.  
Figure 8.1 shows EINOx and combustion efficiency (C.E) 
as a function of theoretical gas temperature for different inlet 
air pressures. The theoretical gas temperature was calculated 
by Chemical Equilibrium for Applications (CEA) equilibrium 
code 11 using initial air and fuel temperatures and equivalence 
ratio calculated from the gas analysis data. 
A comparison of the data at different pressures suggests a 
very strong influence of pressure on NOx emissions. A 
correlation equation EINOx= P1.46 exp (0.0066×Tb) has been 
derived. The pressure exponent of 1.46, however, seems to be 
extremely large when compared with the values of 0.5-0.8 
reported by Correa for NOx emissions from conventional, 
combustors using diffusion and partially premixed flames. It 
should be mentioned that the present data were obtained for a 
fixed mass flow rate of air. Since the overall residence time in 
the flame should be inversely proportional to P, suggesting 
that, for a constant residence time, the EINOx actually 
Figure 7. Photographs of flames showing effects of inlet pressures 
on flame appearance at φ=0.36 and Tin=753 K. 
increases with P0.5. Lower EINOx levels could have been 
achieved if the combustor had been operated at a constant 
combustor pressure loss.  
The CO emissions are shown as a function of flame 
temperature for different pressures in Figure 8.2. The CO 
emissions levels are very low and combustion efficiency is 
higher than 99.9% with one exceptional data plot.  The CO 
concentration decreases with increasing pressure but decreases 
with increasing flame temperature. The trend of the measured 
CO emissions with pressure is in consistent with that expected 
from the CO + O2 > CO2 reaction. The decreasing trend of 
CO emissions with flame temperature suggests that the 
reactions are approaching toward the equilibrium. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
３． COMPARISON OF NOx EMISSIONS OF 
TYPE-A BURNER WITH THOSE BY 
PREVIOUS STUDIES 
The NOx levels of Type-A burner with 40 degree vane 
angle at four different inlet air pressures at inlet temperature of 
753 K are plotted in Fig. 9 as a function of theoretical gas 
temperature. The NOx level is increasing with increasing inlet 
air pressure, but the NOx emissions for an inlet air pressure of 
1.0 atm was conducted on the test rig shown in Fig. 3 with a 
combustion chamber which is uncovered by something to 
insulate heat and the other data was taken to use a combustor, 
shown in Fig. 6, covered by a casing. 
The data for combustion of premixed and pre-vaporized 
mixtures of Jet-A fuel and air of 753 K at atmospheric 
pressure by Semerjian and Vranos12, 13 and for combustion of 
premixed propane-air mixtures at 5.5 atm and 600 K by 
Anderson14 are plotted by broken lines. The slopes of the 
curves fitted to the data at inlet air pressure of 1.0 atm is 
similar to those of the data for uniform mixtures of vaporized 
jet fuel in spite of the fact that fuel spray was mixed with only 
one-third of the total air in Type-A burner.    
One of the reasons for the low NOx emissions capability 
of Type-A burner with 40 degree vane swirler is rapid mixing 
of the mixture jets from the splitter nozzle with the 
surrounding annular swirling air jet. The second is the flame 
structure that is specific to the burner. Major reaction occurs 
in a region at a distance from the burner exit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 Effects of inlet air pressure on 
NOx emissions and combustion efficiencies 
at inlet air pressure of 753 K. 
 
Figure 9. Comparison with NOx emissions of 
the present and previous studies. Figure 8.2 Effects of inlet air pressure on  
CO emissions and combustion efficiencies at 
inlet air pressure of 753 K. 
４． CONCLUSIONS 
Emissions performance of a burner, Type-A, consisting of a 
concentric co-rotational inner and outer swirler set, a pressure 
swirl atomizer, converging outer shroud nozzle and a 
converging nozzle that splits the air flows from the inner and 
outer swirler was studied with fuel injected only into the air 
flow in the splitting nozzle from the inner swirler over a range 
of inlet air temperatures from 453 to 753 K. The emissions 
data of Type-A burner were compared with those of Type-B 
burner which was identical to Type-A burner excepting for the 
loss of the splitting nozzle. Fuel was atomized into both 
swirling air flows from the inner and outer swirlers in Type-B 
burner. Moreover, elevated pressure study was conducted to 
investigate the effects of inlet air pressure on emissions. Major 
conclusions are as follows. 
 
1. With increasing inlet air temperature, the NOx emissions 
level of both burners is continuously decreasing to a 
minimum at inlet air temperatures in a range from 600 to 
650 K. A further increase of inlet air temperature leads to 
an increase in NOx emissions. The NOx emissions level of 
Type-A burner was the lowest and its dependence on gas 
temperature was as strong as premixed and pre-vaporized 
data at an inlet air temperature of 653 K. The NOx level of 
Type-A burner was lower than that of Type-B at 40 degree 
vane angle. Emission Index for NOx well less than 0.5 
g/kg-fuel and combustion efficiency greater than 99.9% 
were simultaneously achieved at a temperature of 650 K 
2. The NOx emissions are closely related to the flame 
structure, which reflects the degree of fuel vaporization 
and mixing of fuel vapor with air upstream of the flame. 
3. The NOx emissions of Type-A burner are higher those for 
Type-B burner except for conditions of 50 degree inner 
vane angle at inlet temperature of 753 K, where a conical 
flame with a luminous core was stabilized near the burner 
exit.  
4. The NOx emissions of Type-A burner increase with 
increasing inlet pressure at inlet temperature of 753 K.   
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